is on the UNESCO's World Heritage List. There are no published papers related to the surface sediment pollution of the Bay. For the first time, elements were measured in surface sediments at nine locations in the Bay by the energy dispersive X-ray fluorescence spectrometry (ED-XRF) technique. Si, Fe, Ca, K, Ti, Mn, P, Ba, Cr, Sr, Zn, Rb, Ni, Cu, Pb, As, Sn, Sb, Hg and Cd were quantified in the surface sediments. Sediments were classified as non-polluted or polluted by counting the enrichment factor (EF), metal loading index (MLI) and geo-accumulation index (I geo ) based on the elemental background level of the analyzed elements in the literature, or by the Sediment Quality Guidelines (SQGs) of USEPA (United States Environmental Protection Agency). Based on USEPA's SQGs, the surface sediment in the entire Bay can be classified as heavily polluted by As and Cr, and non-polluted by Cd and Hg, and, related to the sites, the surface sediment at the Tivat-Arsenal site was heavily polluted and at the Orahovac site was not polluted at all. The PLI (pollution load index) values for the locations of Tivat-Arsenal and Orahovac are in agreement with the conclusion based on USEPA's SQGs. The results in this paper will establish an initial view of sediment pollution and the state of the Bay's environment.
INTRODUCTION
The Boka Kotorska Bay is situated in the southeastern Adriatic Sea (Mediterranean Sea), along the Montenegro coastline. As one of the most beautiful bays in the world, it is on UNESCO's World Heritage List. The bay comprises drowned valleys flooded by the rising sea. Sometimes called Europe's southernmost fjord [1] , it is in fact a ria of the disintegrated Bokelj River which used to run from the high Mount Orjen. The Boka Kotorska Bay is a semi-enclosed bay. The entrance is 2.95 km. It is hypothesized that the Boka Kotorska Bay, having a coastline 105.7 km long, covering an area of 87.3 km 2 , containing a volume of 2.4×10 6 km 3 of water and with a maximum depth of 60 m in small Kotor Bay, was formed by fluvial erosion [2] with a complex morphological structure, consisting of four embayments naturally divided into smaller bays: the Herceg Novi, Tivat, Risan-Morinj and Kotor Bays. The bottom of the bay, whose mean depth varies from 30 to 40 m, has the form of a plateau filled with deposits [3] . Relief characteristics stimulated the development of urban agglomerations along the bay coast; especially suitable farming zones have been placed in the very neighborhood of Kotor, Risan, Herceg Novi, and recently Tivat [3] . They are connected and interact with the sea through narrow straits and the bay can be considered one of the main freshwater inputs into the southern Adriatic Sea. The innermost Kotor and Morinj bays, generally exchange little water with the sea and they have high values of residence times and these bays are different from the outermost areas. The Kotor and Morinj bays have the highest fresh water springs and river discharges, while the rest of the Boka Kotorska Bay seems to be mostly affected by the freshwater influence from precipitation and karstic river discharges [3] . On average, the Boka Kotorska Bay situation presents a surface outflow and a bottom inflow of water [1] . The specific hydrogeology of the bay influences the surface sediment composition in the Boka Kotorska Bay.
The investigation of sediments is more marked along the Italian coast than along the eastern Adriatic coast [4] . Although the studies of element contents in the Adriatic sediments date back more than 30 years, the available data and publications are mostly limited to selected coastal areas of the eastern Adriatic [5] and some data sets of major, minor and trace elements covering the southeastern Adriatic [6] . Investigations of the surface sediment in the southeastern Adriatic have intensified in the Albanian coastal area [4, 7, 8] and some hint of the work in relation to the concentrations of the elements in surface sediments in the Montenegrin coast [9, 10] .
Sediments act as sinks and sources of contaminants in aquatic systems because of their variable physical and chemical properties [11] . Analysis of the pollutants in sediments is vital as they are adsorbed by material in suspension and by finegrained particles. Pekey (2006) [11] demonstrated that heavy metals tend to be trapped in aquatic environments and accumulate in sediments. According to some authors [12] environmental quality indexes are a powerful tool for determining the metal contaminants in sediments and can be classified into three types: (i) contamination indexes which compare the contaminants with clean or polluted stations measured elsewhere; (ii) background enrichment indexes which compare the results for the contaminants with the baseline or background levels and (iii) ecological risk indexes which compare the results for the contaminants with Sediment Quality Guidelines (SQGs).
No papers were found on the heavy metals distribution in the surface sediments of Montenegro. This report presents the investigation of 20 elements (Si, Fe, Ca, K, Ti, Mn, P, Ba, Cr, Sr, Zn, Rb, Ni, Cu, Pb, As, Sn, Sb, Hg and Cd) measured in the surface sediments at nine locations in Boka Kotorska Bay by energy dispersive X-ray fluorescence spectrometry (ED-XRF). The subject of this research involves the surface sediments collected at locations with poor open seawater mixing (Kotor and Risan-Morinj bays), with a weakened sea current and waves (Tivat Bay) and impacted with sea current and waves (Herceg Novi Bay). Due to the increasing developments in the Boka Kotorska Bay, the study aims were: (1) to assess the major and minor element concentrations in the surface bay sediment; (2) to compare the metal concentrations with the SQGs promulgated by the United States Environmental Protection Agency (USEPA) [13] ; and (3) to compare the pollution indexes to describe the bay's sediment quality.
EXPERIMENTAL
Samples of surface sediments were collected in June 2007 at the nine selected locations in the Boka Kotorska Bay: Krtole, Tivat-Airport, TivatArsenal, Kotor, Orahovac, Risan, Morinj, Bijela Port and Herceg Novi, as indicated in Figure 1 , situated in the proximity of different hydrological and human impacts. Tivat, Kotor, and Herceg Novi represent the most populated cities with the highest residential populations: 12000, 19000 and 26000, respectively. The samples were collected from boats anchored in front of the sites usually from depths of 17 to 20 m, except for the Tivat-Airport and Herceg Novi sites, where the depths were 12 and 22 m, respectively. The core depth was from 22-70 cm, depending on the location. At all locations the sediment sampling was undertaken by a grab sampler from the boat. The analysis of the major, minor and trace elements in the sediment samples was measured on the fraction < 63 μm. Concentrations of 20 elements (Si, Ca, K, Fe, Ti, Mn, P, Ba, Cr, Sr, Zn, Rb, Ni, Cu, Pb, As, Sn, Sb, Hg and Cd) were measured by the ED-XRF method. ED-XRF is a nondestructive method which requires little or no sample preparation and gives reliable results in a reasonable amount of time (a few minutes depending on the sample type). Measurements were performed using a PANalytical MiniPal 4 ED-XRF spectrometer, equipped with a 30 kV Rh anode tube (maximum power: 9 W; window: 75 μm Be; maximum high voltage: 30 kV; maximum current: 750 μA; cooling medium: air), a high-resolution silicon drift detector (SDD), a spinner and a 12-position removable sample changer. The resolution of the SDD is 145 eV. Spectral data were analyzed by MiniPal/MiniMate software version 3.0.-63(2.64) (PANalytical, Almelo, The Netherlands).
The ED-XRF system for sediment analysis was calibrated on the basis of four LGC (USA) standard reference materials measurements: NIM GBW 07428, NIM GBW 07427, NIM GBW 07430 and NIM GBW 07419. In order to reduce the background and to improve the element of interest intensity, four filters were used during the elements analysis between the X-ray source and samples to filter out unwanted X-ray peaks: Al thin filter -thickness 50 µm; Al filter -thickness 200 µm, Ag filter -thickness 200 µm and Mo filterthickness 100 µm. Optimum measurement parameters for each group of elements are presented in Table 1 . In order to test the precision and accuracy of the method, the measurements were checked primarily by measuring LGC standard samples (NIM GBW 07428 and NIM GBW 07402), Table 2 , under the same conditions as standard referent material samples.
T a b l e 1

Measured conditions for elements determination by ED-XRF
T a b l e 2
Analysis of certified reference materials: certified values and found values (mean ± S.D., mg kg -1 dw)
The standard reference material NIM GBW 07428 that was included in the calibration was used as an unknown sample for the first check, while the second check was carried out by measuring the NIM GBW 07402 which was not included in the calibration and could represent a real unknown sample. Sediment samples for ED-XRF analyses were prepared as follows: after oven drying (105 C) for 24 h, grinding, homogenizing, and sieving, the pellets (d = 30 mm) were made by pressing 4 g of material into a mold of the desired shape under high pressure. No binder material was applied. The residual ("dark") matrix was measured in sediment samples as a loss-on-ignition The degree of contamination in the sediments of the Boka Kotorska Bay for the investigated elements has been evaluated using the enrichment factor (EF), pollution load index (PLI) and geo-accumulation index (I geo ). The concentration of each element in the samples was compared with the reference to the baseline metal levels, the world shale value [14] .
EF analysis, a method proposed by Simex and Helz (1981) [15] to assess trace element concentration, is mathematically expressed as:
where c x stands for the concentration of metal "x". Average shale values [14] are commonly used to provide elemental background concentrations [8, 11] , Table 3 . The EF is generally defined as the observed metal to Al ratio in the sample divided by the background metal/Al ratio. Commonly, geochemical normalization of the metals data to a conservative element, such as Al or Fe, is employed in order to identify anomalous metal concentrations [16] . Al concentrations in the samples were not measured in this study. Fe is mainly from natural weathering processes and has been broadly used to normalize the metal concentrations in sediments [16] . Several authors have successfully used Fe to normalize heavy metals contaminants in sediment [7, 16] .
The PLI, for a particular site, has been evaluated following the method proposed by Tomlinson et al. (1980) [17] . This parameter is expressed as:
where n is the number of metals (20 in the present study) and CF is the Contamination Factor. The Contamination Factor can be calculated from the following relation:
The I geo , introduced by Müller (1979) [18] was also used beside EF to assess metal pollution in sediments. It includes various degrees of enrichment above the background metal value ranging from unpolluted to much polluted sediment quality. The highest grade (class six) reflects 100-fold enrichment above the background value [19] . To determine the extent of metal accumulation in sediments, I geo has been used by various researchers in their studies [8, 20] . I geo is mathematically expressed as:
where c n is the concentration of an element "n" and B n is the geochemical background value of an element "n", the world shale average given by Turekian and Wedepohl, (1961) [14] . The factor 1.5 is incorporated into the relationship to account for possible variations in background data due to lithogenic effect.
RESULTS AND DISCUSSION
The average concentrations of the elements measured (Si, Ca, Fe, K, Ti, Mn, P, Ba, Sr, Cr, Zn, Rb, Ni, Cu, Pb, As, Sn, Sb, Hg, and Cd) in the sediments of the Boka Kotorska Bay are summarized in Table 3 . Data are in mg kg -1 dry weight and with regard to the first 10 cm of surface sediments.
ED-XRF results for the collected sediment samples recorded the existence of the following major and minor elements: Si, Ca, Fe, K, Ti (major) and P, Mn, Sr, Cr, Zn, Cu, Ni, Pb, Rb, Ba, As, Sn, Sb, Hg and Cd (minor). It is important to mention that Cd was determined only at the Orahovac location (1 mg kg -1 ), Hg at four locations, and Sb at all locations, but in low quantities (1-2 mg kg -1 ). Hg at one location was determined in concentrations of 17 mg kg . The mean concentrations of K, Ti, Mn and Ba in the surface sediment at all the locations were lower than their background values [14] . Concentrations of Si and Ca were higher than the background values for these elements at all locations, except Ca at location Bijela Port (18833 mg kg -1 ). The highest average concentrations of heavy metals, such as Cu, Pb, As, Hg and Sn, were in the surface sediment at the Tivat-Arsenal site, in the small Tivat Bay; the highest average concen-trations of Mn, Pb and Zn, were in surface sediments at the Kotor site in the small Kotor Bay (Table 3). The obtained concentration for As presents a relatively homogeneous distribution along the Boka Kotorska Bay, from 11 to 19 mg kg -1 . High contamination of As was found at the TivatArsenal location, 76 mg kg -1 . Hg is a highly toxic element and its high concentration needs to be investigated to assess its possible sources and pathways in the small Tivat Bay.
T a b l e 3 The spatial distribution from element to element considerably changes in the small Kotor Bay, the sites Kotor and Orahovac, related to Si, Sr, Ba, K, P, Fe, Ti, Rb, Cr, Ni, Zn, Cu and Pb. At the Orahovac location, almost all obtained concentrations of the investigated elements were close to or lower than their background levels. Only Ca and Sr concentrations were much higher than their background values compared to the remaining elements. Metal deposits are in accordance with geo-hydrographic and population conditions in the small Kotor Bay. This bay has calm water, without currents and generally exchanges little water with the other parts of the Boka Kotorska Bay, especially at the Kotor. The Kotor and Orahovac sites are characterized by karstic rivers and underground springs [1] and different human impacts: Kotor is a port, and a touristic and industrial city and Orahovac is a village with 300 residents, close to the very clean karstic Ljuta River which supplies the Kotor residents with drinking water.
Concentrations of investigated elements in the sediments
Concentrations of heavy metals, such as Cr, As, Cu, Zn, Pb, Cd and Hg, at the Tivat-Arsenal location, were evaluated in the surface sediment from the Bay in terms of ecological risk to marine organisms by comparing them to the numerical SQGs proposed by USEPA [13] , Table 4 . Based on the SQGs proposed by USEPA, the sediments were categorized into three classes, non-polluted, moderately polluted and heavily polluted, by comparing the mean concentrations of the heavy metals mentioned above. Based on this comparison, surface sediments in the entire Boka Kotorska Bay can be classified as heavily polluted by As and Cr, and non-polluted by Cd and Hg. Based on USEPA's SQGs [13] , the surface sediment at the Tivat-Arsenal site was heavily polluted by Cr, As, Cu, Zn, Pb, and Hg, and non-polluted at Orahovac. These guidelines may not be validated for use in the Bay because there may be fundamental differences in sediment geochemistry [10] .
T a b l e 4
Surface sediment classifications by USEPA's SQGs based on element concentrations, mg kg -1
Elements
Nonpolluted CF is the ratio between the concentration of heavy metals in the study area and the background level [14] . This index is used in order to compare the pollution status of different places and it varies from 0 (unpolluted) to 10 (highly polluted). The ranges used to describe the contamination factor are: CF < 1 is considered as low contamination; 1 < CF < 3 is moderate contamination; 3 < CF < 6 is considerable contamination and CF > 6 is high contamination [11] . The highest obtained CFs for the investigated elements in the surface sediment at some locations in the Boka Kotorska Bay related to the world shale values were found in the following order (Table 5 ):
Ca > Pb > As > Si > Cr > Sr > Ni > Zn > Sn Concentration levels of Si, Ca, Cr, Ni, Zn, As, and Pb in most of the stations exceeded the world average concentration of shale and was reflected in CF values > 1, Table 5 . CF < 1 is considered as low contamination and was found in the case of K, Ti, Mn, Rb, Ba, Fe and Sn, mostly at all the locations. Pb concentration was high in the study area and the CF value for Pb ranged from 1.0 to 7.3, suggesting low (Herceg Novi and Orahovac) to high contamination (Kotor and TivatArsenal) of surface sediments in the bay. The surface sediment at the Tivat-Arsenal location was highly contaminated with Hg (12.1) and Pb (7.3), and considerably contaminated with As (5.9) and Ca (4.6), according to the CF value [17] . Also, the surface sediment from the Kotor site was highly contaminated with Ca (7.0) and Pb (5.7). The surface sediment at the Orahovac location was highly contaminated with Ca (11.2) and considerably contaminated with Sr (4.7). Considerable contamination was also observed at the Bijela (Si), Risan (Ca and Cr) and Herceg Novi (Ca and Cr) locations, Table 5 . High CF values for Si and Ca at all the locations can be explained by rainfall and bottom springs naturally leached, and from dead marine organisms, especially at the Orahovac location.
T a b l e 5
Contamination factors (CF) and pollution load index (PLI) for surface sediments at locations in the Boka Kotorska Bay
The PLI represents the number of times by which the heavy metal concentrations in the sediment exceeds the background concentration, and gives a summative indication of the overall level of heavy metal toxicity in a particular sample [21] . Generally, the PLI is a convenient measure of geochemical trends and is used for comparison among areas. The PLI value of > 1 is polluted, whereas <1 indicates no pollution [22] . The PLI calculated for different sites (Table 5 ) were found to be the highest in the surface sediment at Tivat-Arsenal (1.6) then at Kotor (1.2). Sediments in Morinj, Risan, Krtole and Tivat-Airport had approximately the same PLI (1.0), Herceg Novi (0.94), Bijela Port (0.80) and the lowest was in Orahovac (0.64). Low values of PLI in these locations implied no appreciable input from anthropogenic sources. There is, in general, a decrease in PLI values in the small Tivat Bay (Tivat-Arsenal  Tivat-Airport  Bijela Port) indicating dilution and dispersion of metal content in surface sediments with increasing distance from anthropogenic sources such as: Tivat city, Tivat marina, the shipyard, the military harbor and agricultural activity in the background of Tivat Bay.
EF is a convenient measure of the trends of geochemical elements and it is used to assess the anthropogenic and lithogenic metal contribution into a site and for comparison among areas. To determine the anthropogenic and/or natural impact on the concentration of investigated elements in the sediment samples, that is, to ascertain whether there was enrichment of analyzed elements relative to the background level, the EF was calculated and is shown in Table 6 . When the EF value is in the range of 0.5 ≤ EF ≤ 1.5, it suggests that the metals may be entirely as a result of crustal materials or natural weathering processes [23] , but when EF > 1.5 it suggests that a significant portion of trace metals are provided by other sources [23, 24] . Some other EF categories are recognized: < 1 background concentration, 1-2 depletion to minimal enrichment, 2-5 moderate enrichment, 5-20 significant enrichment, 20-40 very high enrichment and > 40 extremely high enrichment [25] ; alternatively, EF values ranging between 0.5 and 2 can be considered in the range of natural variability, whereas ratios between 2 and 10 indicate some enrichment caused by the presence of humans, and a clear indication of substantially increased values caused by human influence (anthropogenic inputs) is where EF ≥ 10 [26] .
The EF values for Si, Ca, Cr, Ni, Zn, As, and Pb were higher than one for all investigated sediment samples. The highest EF values for Hg (17.4), Pb (10.4), and As (8.4) at the Tivat-Arsenal location, Table 6 , indicate the anthropogenic enrichment sources of these elements. The EF of Si was fairly high (~3) and had similar values at all the investigated locations. Almost uniformly high EF values for Si along the entire Boka Kotorska Bay negate the presence of local enrichment factors for Si, and it can be concluded that Si was mainly of natural origin. The same conclusion can be derived for Cr also, since this metal is associated with silicate minerals [25] . On the other hand, EF values for Rb, Ba, K and Ti at all locations show background concentration: EF was ≤ 1. K and Rb are alkali metals and have similar chemical properties and occur mostly as lithophiles according to Goldschmidt's classification of geochemical elements [27] . The EFs of Pb and As were also fairly high and different from site to site, acknowledging their anthropogenic sources.
The sediment from Tivat-Arsenal was significantly enriched with Hg, Pb, and As, indicating high anthropogenic contamination at this location. Also, locations with significantly enriched surface sediments with some investigated elements were: Kotor with Ca and Pb, Orahovac with Ca and Sr, Risan with Ca and Bijela Port with Si.
The sediment sample from the Orahovac location had extremely high enrichment with Ca (43.6) and significant enrichment with Sr (18.5), indicating their lithogenic source and the remains of dead marine organisms, that is, impacted by the hydrology of this part of the bay where there is almost no movement of seawater. Also, Ca in the form of calcite, aragonite or bio-aragonite (several marine organisms such as mollusks, bivalves, corals, etc., secrete biogenic aragonite or calcite) is followed by Sr [28] , since they have similar chemical properties [25] .
T a b l e 6
Enrichment factors (EFs) The high EF values of Cr (Risan  Herceg Novi  Orahovac), Ni (Herceg Novi  Krtole  Kotor), and Zn (Kotor  Tivat-Arsenal) found in sediments collected could be from anthropogenic sources, but can be explained by taking into account the geological composition of the hydrographic basins of the southeastern Adriatic [4, 6] . The enrichment of Ni and other elements specific to basic eruptive rocks is found everywhere in the Dinaric chain area [4] . Albania is known as the first country with Cr and the third with Ni resources in the world [4] . Relatively high levels of Cr and Ni were found in estuarine sediment samples in front of the river mouths in Albania [7, 8] , but no higher than in Boka Kotorska Bay, suggesting similar geology at this coastal area of the southeastern Adriatic [6] .
The higher enrichment of Cr in the Risan and Orahovac sediment samples, Table 6 , than in Tivat Bay and Kotor, which are more impacted by human activities, can be explained by natural impact: Risan Bay generally exchanges little water with the Adriatic Sea and it is characterized by karstic rivers, underground springs [1] and small residential populations (4000 residents). The fact is that the rivers entering the Boka Kotorska Bay are not severely impacted by man [1] , confirming the hypothesis that the main origin of the high Cr content in the sampled area is due to the mineralogical composition of the bay, such as in the southeastern Adriatic coastal area [4, 6, 8] .
The I geo introduced by Müller (1979) [18] was also used, besides EF, for determining the extent of the metal accumulation in sediments. According to the scale established by Müller, a sediment can be classified as non-polluted (I geo < 1), very slightly polluted (1 < I geo <2), slightly polluted (2 < I geo <3), moderately polluted (3 < I geo <4), highly polluted (4 < I geo <5), and very highly polluted (I geo > 5). The I geo s for each element at each sampling site were calculated using background values [14] , Table 3 . The calculated I geo values, based on the world shale average, are presented in Table 7 .
The results of the I geo (Table 7) indicate that the sampling sites Krtole, Tivat-Airport and Morinj are classified as non-polluted considering all the investigated elements. The Risan and Herceg Novi locations were very slightly polluted with Ca and Cr, and the Bijela Port location with Si. The sediment samples at Tivat-Arsenal (Ca, As, Pb and Hg), Kotor (Ca, Pb) and Orahovac (Ca, Sr) had I geo values between 2 and 3, indicating slight pollution with these elements. terrestrial inputs in the bay are rich in Ca and Si. High concentrations of Si at the Bijela Port location were derived from mountain rocks weathering in the hinterland of Bijela Port.
Sources of Sr in the Orahovac surface sediment are mainly the remains of marine organisms which have accumulated and decomposed over time in the surface sediment, and at the same time the surface sediment is impacted by hydrology at this location: calm water without any mixing from other parts of the bay.
The hinterland of Kotor, Orahovac and Risan comprises carbonate rocks, that is, silificated limestone covered by flysch [3] , which consists of repeated sedimentary cycles, evolved into sandstone or shale/claystone. The coarser sandstones often have mica fractions. Chemically, the general mica formula comprises (Ca, Na, K) 2 (Mg, Fe, Mn, Cr, Ti) 6 (Si, Al) 8 O 20 (OH,F) 4 . This may possibly explain the high level of Cr over the bay bottom [3] .
CONCLUSIONS
This research can be used as the basic data for future assessment of some major, minor and trace elements in surface sediments in the Boka Kotorska Bay. The geology of the surrounding mountains of the bay, the impact of large amounts of rainfall during the fall and winter, karstic rivers and underground springs, and the specific bay hydrology play an important role in the level and distribution of the investigated elements in the surface sediment of the bay. Using the data presented, it is obvious that surface sediments in the Boka Kotorska Bay are enriched with Si, Ca, Sr, and Cr originating from natural sources, and with Hg, Pb, and As from anthropogenic sources. To determine the true state of the surface sediments in the Boka Kotorska Bay and the southeastern Adriatic coast, it is necessary to determine the regional background of the analyzed elements.
